We have determined the nucleotide sequence and mapped the tranacriptional boundaries in the long terminal repeats (LTRs) and adjacent regions of a retrovirus transmissible virus-like 30S (VL30) mouse genetic element. The 572 base pair LTRs contain transcriptional regulatory sequences and are bounded by short imperfect repeats, with a minus strand tRNA^ ' primer binding site and a purine rich plus strand primer site flanking each of their inner boundaries. The 3' end of each LTR consists of an extensive 80 base pair redundancy of tRNA primer site and inverted repeat sequences while 41 and 47 base pair imperfect tandem repeats are present between the 5' capping site and the putative polyadenylation signal. Comparison with other retrovirus-like LTR sequences suggests possible modes of recombination that could occur between VL30 and other genetic elements.
INTRODUCTION
The genomes of most if not all vertebrate cells contain classes of interpersed moderately repeated DNA sequences which bear structural similarity to retrovirus proviruses and transposable genetic elements (1) (2) (3) . The function and potential biological significance of these genetic elements is largely unknown. In mice and rats one particular class of these sequences has acquired the name virus-like 30S or VL30, since its members are expressed as 30S-sized transcripts with structural resemblance to the RNA genomes of retrovirea (4) (5) (6) (7) . Though largely unrelated in sequence to known retrovirus genomes, VL30 RNAs are often selectively packaged by murine leukemia viruses (MLVs) that are propagated on cultured cells (8, 9) . As a consequence, the VL30 genetic elements possess the interesting property of being transmissible from cell to cell as MLV pseudovirion complexes (8) . On virus infection an MLV-encapsidated VL30 RNA can be reverse transcribed into a DNA copy which subsequently integrates into the host cell DNA as a newly acquired VL30 provirus. In this respect, VL30 can be considered as a class of mobile genetic elements that transposes (in a duplicative mode) via an RNA intermediate. However the requirement for "helper" MLV function is absolute, since VL30 is incapable of forming virus particles by itself and probably does not encode its own reverse transcriptase.
About 150 copies of VL30 elements are dispersed throughout the mouse genome (10) . The examples that have been cloned from genomic libraries, possess long terminal repeats (LTRs) characteristic of retrovirus proviruses and transposable genetic elements (11, 12) . It is probable that only a few members of the VL30 gene family are transcriptionally active (unpublished data and [10] ) and therefore potentially transmissible by a retrovirus.
Therefore it is difficult to assess the biological significance of VL30 clones obtained from genomic libraries.
To overcome this problem we have recently developed an alternative strategy for cloning retrovirus transmissable VL30 genetic elements (13) . This exploits the endogenous reverse transcriptase activity of purified (VL30 RNA-containing) MLV particles, to synthesise abundant quantities of full length VL30 DNA. We cloned a number of 4.7 kbp. VL30 DNA species originating from NIH-3T3 mouse fibroblasts.
These clones were of four types (designated NvL-1 to 4) distinguishable only by size differences in the 550-630 bp. LTRs present on each VL30 element (13) .
We report here the nucleotide sequence of the LTRs and adjacent regions of one VL30 clone; NVL-3 clone 9 (NVL-3/9). We chose this DNA because NVL-3
was the most abundant type that was cloned (eight out of twelve) and is therefore likely to be most representative of the NVL-VL30 family (13) . We have also mapped transcriptional boundaries and identified various functional domains within the LTRs. Our results reveal an overall structure very similar to that of a retrovirus provirus, but with some unusual sequence features.
MATERIALS AND METHODS

Nucleotide sequencing
The cloned VL30 genetic element, NVL-3/9 (13) was removed from vector (pAT153) DNA by Bam HI digestion and preparative electrophoresis (14) .
Various NVL-3/9 restriction fragments were ligated into the vectors M13 mp8 or M13 mp9 (15) and used to transform competent E. coli JH103 cells.
Positive plaques (clear) were identified after plating on Xgal agar plates and single stranded template DNA was prepared as described elsewhere (16) .
A universal 15 nucleotide primer (New England Biolabs) was used with the dideoxy chain termination method of Sanger et al (17) 
RESULTS
Nucleotide sequence of the NVL-3 LTRs Similarly, a purine-rich sequence occurs adjacent to the right LTR. We note in passing that this candidate plus strand primer sequence AGTGGGG (underlined in fig.2 ) appears to be identical to that identified in an avian reticuloendotheliosis virus, spleen necrosis virus (3, 25) .
The identification of inverted repeats bounding the LTRs and the presence of primer binding sites for reverse transcription, shows that our VL30 genetic element conforms to an overall retrovirus-like structure. In addition the 5'-3' orientation of the nurileotide sequence shown in fig.2 is defined.
Mapping transcriptional boundaries in the NVL-3 LTR
As a consequence of the mechanism of reverse transcription of retrovirus RNA, each proviral LTR acquires sequences unique to both the 5 1 end (U5) and the 3' end (U3) of the RNA template. The remainder of each LTR is a region called R, derived from a terminally located direct repeat present at either end of the RNA (3, 26) . These different domains are arranged in the LTR as S' 3'
U3 R U5 and contain the necessary functional elements for the processes of proviral integration and transcription (3, 27) . In order to identify such potential domains and to locate transcriptional control elements in our NVL-3 LTR, we have mapped the transcriptional boundaries by SI mapping (20) and primer extension analysis (21).
The 5' end of the NVL-3 RNA was mapped using a 519 bp. 5' end labelled
Bam HI/EcoRI fragment, which encompasses most of the LTR sequence (see fig.   1 ). The terminal Bam HI site on this fragment originates from a synthetic linker ligated onto the VL30 genome during cloning (13) . Therefore the most terminal nucleotides at this end of the probe should not be complementary to VL30 RNA. fig. 1 ) and cloned in M13 mp 9 such that the direction of sequencing was from the Bam HI site to the Hind III site. In order to align the sequencing reaction products (A, C, G, T indicating the dideoxyribonucleotide used) with the primer extension product (PE) each of the four sequencing reactions was cleaved with Bam HI prior to electrophoresis. An expanded section of the sequencing gel is shown in the region of the presumptive 5' end of NVL-3 RNA (indicated by an arrow).
(28) is located 56 nucleotides upstream from the presumptive 5' cap site.
However, because this sequence element is situated closer to the 5' cap site than in retroviral LTRB (3, 27) and also contains a single base pair deletion in the 3 1 LTR ( fig.2 ) it is not clear whether it is functionally significant.
Further upstream in the U3 region at position 70-77, the sequence CTGGAAAA occurs (underlined in fig. 2 ). This bears close resemblance to the core AAA element of an enhancer sequence: (G)TGG, TT G (29) . Such enhancers commonly occur in the U3 region of retroviral LTRs, often (though not in the case of NVL-3) as part of a longer direct repeat (3, 26, 27 ).
The sequence AATAAA or occassionally ATTAAA is a polyadenylation signal which probably directs the post-transcriptional cleavage event prior to polyadenylation (30) . In retroviral LTRs this signal occurs downstream from the promoter, so that the primary transcript terminated in the 3' LTR contains the R region as a direct repeat at both its 
Comparison with other LTR sequences
In fig. 6 we have aligned the NVL-3 LTR sequence with that of another cloned mouse UL30 genetic element. This latter VL30 (designated clone 3) was obtained from a BALB/c genomic library and consequently its functional status is not known (31, 32) . A considerable degree of homology is evident In fig.6 we have also aligned a short sequence of NUL-3 adjacent to the tRNA primer site with the corresponding region of Holoney MLV (22) .
The LTR sequences of these entities are themselves largely non-homologous.
However, as can be seen in fig. 6 some limited homology extending up to the end of the donor splice site exists in this region. Thereafter, the two sequences are divergent. In MLU, sequences extending from the 5 1 terminus of viral RNA up to this splice site are thought to serve as an untranslated leader sequence which is spliced onto sub-genomic mRNAs (22, 23) . This splicing event probably also serves to remove sequences involved in virion RNA encapsidation from the "genome sized" 35S mRNA species, thereby distinguishing pools of intracellular RNA destined for virion packaging and ribosome binding. In the case of UL30 RNA although no sub-genomic mRNA species have been found, 30S RNA is associated with polyribosomes (A, 34).
Thus, the donor splice site in the VL3O sequence may well serve an analogous function to that in MLV.
We have also noted a resemblance in certain blocks of nucleotides in the NUL-3 LTR, with the sequence of a class of mouse solitary retrovival LTRs (termed LTR IS [35] ). The possible significance of these similarities as not clear.
DISCUSSION
The overall structure of the NUL-3 LTRs and adjacent flanking sequences conforms closely to that of a retrovirus provirus. In particular, the presence of primer binding sites for reverse transcription strongly suggests that the mode of "replication" of UL30 is similar to that of a retrovirus.
In fact we have previously shown that the major unintegrated proviral DNA intermediates of NUL-VL3O appear to be exactly analogous to those found with retroviruses (13). We also identified imperfect tandem repeats located within the R domain of the LTR, between the 5' capping site and putative polyadenylation signal.
As with the redundancy at the 3' end of the LTR we do not know whether these tandem repeats are functionally significant. The possibility that either of these unusual features has arisen as a consequence of cloning maniplulations of VL30 DNA seems unlikely, since they are present in both LTRs. We are presently sequencing other NVL-VL30 LTRs to determine whether these redundancies are a common feature amongst transmissible VL3O genomes.
Several transcriptional regulatory elements were identified in the LTR, including an enhancer-like element in the U3 domain. Evidence is accumulating that such enhancer elements may be important in steroid hormone modulation of transcription of certain eukaryotic genes (39) . For example the mouse mammary tumor virus (MMTV) provirus is responsive to glucocorticoids.
Hormone-receptor complex has been shown to bind at, or very close to, enhancer-like sequences in the MMTV LTR (39). Interestingly Foster et al have shown that in vivo transcription of VL30 genes is responsive to the peptide hormone epidermal growth factor (EGF) (40) . It remains to be determined whether the enhancer element in the NVL-VL30 LTR is involved in EGF mediated transcriptional regulation.
We have previously suggested how retrovirus-transmitted VL30 genetic elements could play a role in MLV-induced leukemogenesis, by a downstream promotion mechanism similar to that proposed for some weakly oncogenic retroviruses (13) . The finding of transcriptional regulatory elements within the NV/L-3 LTR lends further support to this hypothesis. Moreover such a mechanism might explain how multiple proto-oncogene activation, or derepression of a proto-oncogene in the absence of an exogenous MLV prov/irus, could occur. Both these phenomena have been described in neoplasms induced by weakly oncogenic retroviruses (41) . Comparison of the NVL-3 LTR sequence with that of a genomic BALB/c-derived VL3O LTR, showed their U3 regions to share the most homology. This observation is inconsistent with the generally observed phenomenon that the U3 region of retroviral LTRs is less conserved than the U5 domain (23, 27) . Indeed even amongst our different NVL-VL30
cloned DMAs, the heterogeneity in sizes of restriction fragments was confined to the 5' half of the LTRs (corresponding to the U3 region) (13) .
Since the BALB/c VL30 differs fundamentally from our NVL-3 clone in possessing a tRNA pro minus strand and MLV-type plus strand primer site (32) Norton et al -manuscript in preparation).
